Abstract A decontamination technique based in cyclodextrin extraction has been developed to eliminate nonylphenol (NP) and 16 polycyclic aromatic hydrocarbons (PAHs; the US Environmental Protection Agency priority pollutants list) from sewage sludge. In a first step, PAHs and NP were characterised in six sludges to determine contamination levels according to limit values proposed by the European Union Sludge Directive draft. There were few variations in the total PAHs content with levels of 1.88 to 3.05 mg kg −1 .
Introduction
After the progressive implementation of the Directives 91/271/EEC and 98/15/EEC concerning urban wastewater treatment, many countries are increasing the number of wastewater treatment plants (WWTP) to avoid the spread of disease, remove organic matter and some pollutants and preserve the quality of surface waters. Within a WWTP, large amounts of sewage sludge are generated which require disposal. Final destination of sewage sludge used to be incineration or landfills (Pousada-Ferradas et al. 2012 ), but a useful and interesting option is the production of compost and the direct application of stabilised sludge to land (Laturnus et al. 2007) . Although there are potential hazards in this practice, such as spread of pathogens, odours, heavy metals and persistent toxic organics, sludge application to agricultural land has positive effects on soil, such as modification of soil structure and addition of organic matter and nutrients for plants, such as N, P and K (Morillo et al. 2002; Aparicio et al. 2009 ).
The use of sewage sludge in agriculture is regulated by the European Union's (1986) Council Directive 86/278/EEC. This Directive controls the quality of sludge, the amended soils, the loading rate and the crops that may be grown on treated land. This Directive requires that heavy metal contents (Cd, Cr, Cu, Ni, Pb and Zn) in both the sludge and soil comply with the established limits, but it does not yet establish maximum values for organic contaminants.
To limit the concentration for certain organic pollutants in both sewage sludge and sludge-amended soils, the European Union (2000) launched a working document on sludge that although not being a formal regulation, the third draft of this document limits the values for some organic compounds, including polycyclic aromatic hydrocarbons (PAHs; the sum of phenanthrene, fluorene, fluoranthene, pyrene, benzo(b) fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, benzo (ghi)perylene, and indeno (1,2,3-c,d )pyrene) and the sum of nonylphenol (NP) and nonylphenol mono (NP1EO) and diethoxylates (NP2EO; referred as NPE). Concentration limits fixed in this Directive draft for land application of sludge are 50 mg kg −1 dry matter for NPE and 6 mg kg −1 for the sum of these nine PAHs.
PAHs are formed and released into the environment as byproducts of incomplete combustions through natural, e.g., by forest fires, and man-made sources (Morillo et al. 2008) . Some of them are highly toxic, present high persistence in the environment, low biodegradability and high lipophilicity. PAHs enter to wastewater-treatment plants through the sewerage and are almost completely removed from wastewater (up to 90 %), being concentrated in sludge because of their poor solubility in water and high adsorption capacity on solid particles (Aparicio et al. 2009 ).
On the other hand, NP and NPE are used as nonionic surfactants in a large variety of industrial and domestic applications (Navarro et al. 2009 ). Although the use of NPEs has been banned under Council Directive 2003/53/ EC (European Union 2003) , their environmental presence and risk is still high because of its historical and pervasive widespread use. Industrial and urban wastewaters and agricultural run-off discharge to WWTPs where the biodegradation of NPEs leads to the decrease in the length of ethoxy chain and an increase of hydrophobicity (Ifelebuegu 2011) . This is why NP is the main alkylphenol associated with sewage sludge (90 %; Soares et al. 2008) . Considering its endocrine disrupting properties, NP in sludge may impair environmental effects (Fernández-Sanjuán et al. 2009 ). The application of sewage sludge as soil fertiliser may produce effects to soil organisms or contaminate groundwater. To determine the content of PAHs and NP in sewage sludge will therefore be the first step to consider before their application to agricultural soils, in order to know the need of using technological treatments in the sludge management to reduce the concentration of these organic pollutants to levels that allow land application of sewage sludge according to the European Directive.
To assess the real hazard of these toxic chemicals in sewage sludge intended for agricultural land, it is therefore important to determine the available fraction. Traditionally, extraction techniques were aimed to determine the concentration of the total organic contaminants in soils and sludge. The use of non-exhaustive extractions still gains importance to determine the bioavailable fraction of contaminants with the aim of assessing the real environmental risk (Alexander 2000) . This fraction needs to be reduced in sewage sludge to allow its land application.
Compounds with low water solubility and a high Kow coefficient show a high adsorption capacity and low availability to be desorbed from soils, sediments or sludge, decreasing the fraction that can really present a toxicological risk. Different extracting agents have been used to increase the solubility of organic contaminants but extracting only the really available fraction. Mild extraction procedures, such as extraction techniques with n-butanol or solvent mixtures (ethanol/water, methanol/ water, etc.), and extraction with surfactant agents like Triton X-100, have been used, but those molecules can represent also a health and environment hazard (Ying 2006) . Other biodegradable complexing agents, such as cyclodextrins (CDs), which encapsulate poorly water soluble contaminants, have been used to enhance the water solubility of hydrophobic compounds and their removal from polluted sites, while minimising environmental impact (Petitgirard et al. 2009 ). CDs are polycyclic glucose oligosaccharides resulting from enzymatic degradation of starch by bacteria. CD molecules have a hydrophobic and non-polar cavity which permit the solubilisation of non-polar and low-polarity organic molecules of appropriate size and shape through the formation of water soluble inclusion complexes (Ginés et al. 1996; Villaverde et al. 2005a) .
CDs in general are considered non-toxic, biodegradable molecules (Fenyvesi et al. 2005; Kiss et al. 2007; Wacker Chemie 2013) . Hydroxypropyl-β-cyclodextrin (HPBCD) has been reported to exhibit a low tendency to adsorb onto soil particles (Badr et al. 2004 ) and that it is well tolerated in humans (Gould and Scott 2005) , being an alternative to the natural α-, β-and γ-cyclodextrins, with improved water solubility and even more toxicologically benign. The chemical properties of CDs combined with their non-toxic character to humans have led to their use in pharmaceuticals, as food additives, as well as in the environmental decontamination procedures of wastewater (Olah et al. 1998 ) and soil (Fenyvesi et al. 2009; Hajdu et al. 2011; Villaverde et al. 2012) . Some CDs, in particular, have been shown to enhance the solubility of several contaminants, such as PAHs, pesticides or biphenyls (Villaverde et al. 2005b; Morillo et al. 2012 ). In the case of HPBCD, many studies have also demonstrated that a non-exhaustive aqueous extraction from soils was able to predict the bioaccessible fraction of different PAHs (Rhodes et al. 2010) or pesticides (Hartnik et al. 2008) .
In this study, three specific objectives were proposed: (1) to analyse the content of 16 PAHs (included in the US Environmental Protection Agency (US EPA) priority pollutants list) and NP in six sewage sludge from WWTPs from NE Spain, (2) to carry out a non-exhaustive extraction of PAHs and NP from sewage sludge with HPBCD as a possible method for sludge decontamination and (3) to study the toxicological risk of the leachates obtained after HPBCD extractions.
Experimental

Chemicals and reagents
Sixteen PAHs considered of primary environmental concern according to the US EPA were analysed: naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo [a] 
Sample collection and preparation
Six sewage sludge samples were collected from different WWTPs located in Northeast Spain and designated as A, B, C, D, E and F. Sludges A and B were from WWTPs located in little urban areas and sludge was not digested. Sludges C-F were collected in WWTPs of industrial and highly urbanised areas and were anaerobic digested. One kilogramme of sample was collected from the sludge tanks using precleaned amber glass pots and were transported refrigerated to the laboratory. Sludge samples were placed in glass pots, frozen at −18°C and lyophilised during 48 h (10 −2 mbar vacuum) in a freeze dryer (Lioalfa, Telstar, Spain). Afterwards, samples were sieved through 500 μm mesh to obtain a homogeneous material. Samples were kept at −2°C until their characterisation for PAHs and NP concentration and all other experiments.
Analysis of PAHs content in sewage sludge
Sludge samples were spiked with the surrogate standards at a concentration of 2 mg kg −1
; 0.5 g of sludge were inserted in a glass tube with 10 mL hexane/dichloromethane (1:1, v/v) and placed in an ultrasonic bath for 10 min. The solution was then centrifuged (10 min at 1,090×g; Beckman Coulter Avanti J-25I). The two last steps were repeated three times using fresh solvent. The sonicated extracts were evaporated in a Turbo Vap LV from Caliper Life Sciences to almost dryness (1 mL approximately) for further clean up.
The extracts were purified using solid-phase extraction (SPE) cartridges of neutral alumina of 5 g. The alumina was solvated and conditioned with 40 mL hexane/ dichloromethane (1:1, v/v). Analyte elution was performed with 40 mL hexane-dichloromethane (1:1, v/v). The extract was concentrated to a volume of less than 1 mL by a Turbo Vap LV evaporator, transferred into an amber glass vial and reconstituted with hexane to a final volume of 1 mL. At this stage, anthracene-d 10 was added as an internal standard to give a concentration of 1 μg mL −1
. Blanks were prepared at the same time under the same conditions. With these conditions, a good recovery was obtained for PAHs, but NP was poorly recovered with alumina SPE. Therefore, a parallel extraction and clean-up was performed with florisil to enhance the recovery of NP.
Analysis of NP content in sewage sludge NP analysis was carried out according to the method proposed by Fernández-Sanjuán et al. (2009) . Deuterated standard 4-n-NP-D8 was added to a sample aliquot of 0.1 g of the sieved sludge at 0.5 μg/g. Samples were homogenised and kept at room temperature overnight and subsequently extracted by sonication (10 min) with 5 mL of hexane/ dichloromethane (1:1, v/v) and repeated a second time. A third extraction was performed with 5 mL of dichloromethane/ acetone (1:1, v/v). After each extraction step, samples were centrifuged for 10 min and the extracts were combined and evaporated in a Turbo Vap LV to almost dryness. Extracts were subsequently cleaned up by SPE cartridges with 5 g of florisil, conditioned with 20 mL of hexane/ dichloromethane (1:1, v/v) and 20 mL of dichloromethane/ acetone (1:1, v/v). The sample extract was eluted with 20 mL of hexane/dichloromethane (1:1, v/v) and 20 mL of dichloromethane/acetone (1:1, v/v). The eluent was evaporated to almost dryness and reconstituted with ethyl acetate to a final volume of 1 mL. NP was determined by gas chromatography-mass spectrometry (GC-MS) according to the method reported below.
Instrumental analysis
Samples were analysed by a gas chromatographer (GC; Agilent GC 6890N) coupled to a quadrupole mass spectrometer (MS; Agilent MD 5975B). The system was operated in electron ionisation (70 eV). The separation was achieved with a 30×0.25-mm I.D. DB-5 MS column (J&W Scientific, Agilent Technologies) coated with 5 % phenylmethylpolysiloxane (film thickness, 0.25 μm). The oven temperature was programmed from 80 (holding time, 1 min) to 175°C at 6°C/min (holding time, 4 min), to 235°C at 3°C/min and finally to 320°C at 8°C/min, keeping the final temperature for 5 min. The same GC-MS program was used to determine PAHs and NP. Injection was performed in the splitless mode. Helium was the carrier gas (50 cm/s). Injector, transfer line and ion source temperatures were 280, 250 and 200°C, respectively. For increased sensitivity and specificity, quantification was performed in timescheduled selected ion monitoring using three ions per compound (Martínez et al. 2004 ). Internal standard quantification was performed using the deuterated surrogate standards present in each elution window. Peak detection and integration were carried out using Agilent ChemStation software.
Non-exhaustive extraction of PAHs and NP from sewage sludge using HPBCD solutions Batch extraction experiments were carried out using the sludge E, and this same sludge spiked with the 16 EPAPAHs (spiked E). Real and spiked sludge were treated with HPBCD solutions for its decontamination in comparison to an aqueous extraction in the absence of HPBCD. For sludge spiking, 0.2 g of sludge E were inserted in a glass tube and spiked with 0.2 mL of 5 mg L −1 PAHs mix solution prepared in acetone. During 1 h, the tube was shaken and vortexed for 10 s every 10 min. After complete acetone evaporation (24 h), the tube was closed and extracted. The content of each PAH was increased in 5 mg kg −1 .
Batch extraction experiments
Of the real and spiked sludge E, 0.2 g was inserted in 25 mL glass centrifuge tubes (Corex) with 10 mL of an aqueous solution which contained 0.01 M Ca(NO 3 ) 2 to maintain the ionic strength and 200 mg L −1
HgCl 2 to prevent the bacterial growth (named aqueous solution). In parallel, 0.2 g of sludge E (real and spiked) was inserted in the Corex tubes with 10 mL of a solution containing HPBCD (10 mM), Ca(NO 3 ) 2 (0.01 M) and HgCl 2 (200 mg L −1 ) (named HPBCD solution). All batch extraction experiments were conducted in triplicate. The Corex tubes were shaken on an orbital platform shaker at 200 rpm for 1 h at a constant temperature of 20°C. Blanks were prepared at the same time under the same conditions. After centrifugation at 3,000 rpm for 10 min, target compounds were extracted from an aliquot of the aqueous supernatant with hexane, and 1 mL of this organic phase was transferred into amber glass vials. The rest of the supernatant was decanted and then 10 mL of fresh aqueous or HPBCD solution were added. The extractions were carried out three times in total, and each extract was analysed individually. One millilitre of the hexane extract was dosed in a vial, and at this stage, anthracene-d 10 was added to a concentration of 1 μg mL
and analysed by GC-MS as previously described.
Toxicity evaluation of leachates
In order to study the toxicity of the leachates obtained after the extraction of PAHs and NP from sewage sludge using aqueous and HPBCD solutions, parallel extraction experiments were performed but without Ca(NO 3 ) 2 and HgCl 2 since these compounds would affect the condition of Daphnia. The leachates used in these experiments were obtained as described: 0.5 g of sludge E were inserted in 100 mL amber glass bottles with 25 mL of ASTM hard water (ASTM 1999). In parallel, 0.5 g of sludge E were inserted in the 100 mL amber glass bottles with 25 mL of 10 mM HPBCD solution prepared in hard water. The suspensions were shaken for 1 h at a constant temperature of 20°C. After separation by decantation, the leachates obtained were kept at 4°C. Bioassays with the grazer Daphnia magna were conducted to evaluate sub-lethal feeding effects of filtered fractions of leachates. Feeding responses to sludge leachates diluted 1 and 10 % in ASTM hard water in 24 h toxicity tests were performed following Barata et al. (2008) . Groups of five neonates were exposed to 20 mL of test concentrations in 30 mL borosilicate flasks in the presence of food. The alga Chlorella vulgaris was added at a concentration of 5×10 5 cells/mL −1 (equivalent to 1.5 μg C mL −1 ). Treatments consisted of an ASTM hard water control (W), 10 mM HPBCD solution controls and the selected leachates with five replicates each. Each group of replicates consisted of five vessels with animals and one blank. Blanks were used to assure that initial algal concentrations did not increase significantly over the exposure period. Individual feeding rates (number of algal cells ingested per animal per hour) were determined as the change in cell density during 24 h according to the method described by Barata et al. (2008) and converted to proportional feeding rates relative to ASTM W. Cell density was estimated from absorbance measurements at λ=650 nm using standard calibration curves based on at least 20 data points (r 2 >0.98). Proportional responses were arcsine transformed to meet ANOVA assumptions of normality and variance homocedasticity (Zar 1996) . Differences in bioassay responses among treatments were compared by one-way ANOVA following post hoc Tukey's test at a p<0.05 significance level.
Results and discussion
Content of PAHs and NP in sewage sludge
PAHs Table 1 shows the concentration of PAHs and NP in studied sludges. Sludge F had the highest concentrations of total PAHs (3.05 mg kg −1 dry weight (dw)) while sludge E had the lowest (1.88 mg kg −1 dw). Among individual PAHs, the highest contribution was that of phenanthrene (15-30 %) and pyrene (10-24 %) followed by naphthalene (14-23 %). Anthracene and fluoranthene were found in fewer amounts (9-21 and 9-13 %, respectively). Normally, when phenanthrene and pyrene are present at high levels in the sludges, it indicates a domestic sewage water origin (Miégle et al. 2003; Villar et al. 2006 content from 2.83 to 9.95 mg kg −1 with pyrene and fluoranthene being the most abundant PAHs in the four sewage sludges studied. Blanchard et al. (2004) found that sludges from high traffic areas displayed high levels of pyrene, fluoranthene and phenanthrene, contrasting with those from residential zones which showed a more homogeneous PAHs distribution. In Spain, Abad et al. (2005) analysed 139 samples from Catalonia and found a median concentration of 1.4 mg kg −1 , but less than 3 % of the samples had PAHs concentrations higher than the European Union-proposed limit. Pérez et al. (2001) determinate the PAH content in six sewage sludge samples and found that phenanthrene and pyrene were the most abundant PAHs. In 17 WWTP sludge from the Valencian Community, Gómez-Rico et al. (2007) found that only one sample exceeded the limit of 6 mg kg −1 PAHs and that phenanthrene was the major PAH followed by fluorene and pyrene. The different PAH distribution found among the sludge studied indicated different sources. Table 2 shows that mainly three-ring PAHs predominated (from 30 % in sludge B to 54 % in sludge F). Four-ring PAHs were predominant (38 %) only in sludge B. Shen et al. (2007) analysed 44 sludge samples from WWTPs which received river waters, municipal sewage or mixtures of industrial and domestic sewage in the Yangtze River delta area and observed that the content of two-and three-ring PAHs was much higher than of four-, five-, and six-ring PAHs. They concluded that the source of PAHs with ≥4 benzene rings is usually from combustion at very high temperature, whereas PAHs with two and three benzene rings originate from contamination of petroleum or petroleum products. Studies carried out by Oleszczku (2007 Oleszczku ( , 2008 show that mainly four-ring PAHs predominated in five sewage sludges from Poland.
Nonylphenol
The concentration level of NP was highly variable in each WWTP, from 4.5 to 199 mg kg −1 (Table 1 ). The highest concentrations of NP were found in sludge D followed by E and C. The differences in NP content can be explained by the high variability of influent wastewater composition and by the wide range of variables involved on each sludge treatment processes (González et al. 2010 ). Sludges C, D, E and F, which showed the highest NP content, are digested sludges, and it is known that during anaerobic digestion, the degradation of NPE to NP occurs, but NP persists (Minamiyama et al. 2006; Céspedes et al. 2008 ). The loss of weight achieved during the sludge dehydration process can also explain the high NP levels found in such sludge. The concentrations were lower in raw sludge (sludges A and B) than in digested, as observed also by Lian et al. (2009) . Aparicio et al. (2009) found a higher NP level in anaerobically digested dehydrated sludge than in primary and secondary sludge and explained it by NP1EO and NP2EO degradation to NP. The European Union (2000) limit concentration proposed in the third draft of the Working Document on Sludge for NP and NPE for land application of sewage sludge was 50 mgkg −1
. Table 1 shows that by only considering the NP content, four of the six sludges analysed exceed this maximum value, and, therefore, these sludges would not be apt to be used as fertilisers, and NP should be decreased for their further use in agriculture in order to preserve the environmental quality, considering the inherent toxicity of this contaminant.
Non-exhaustive PAHs and NP extraction using HPBCD solutions
A non-exhaustive extraction of PAHs and NP from sewage sludge with HPBCD solutions has been used as a possible method for decontamination prior the sludge application to agricultural land. Figure 1 shows the percentages of individual PAHs extracted after three sequential extractions by the aqueous and HPBCD solutions from sludge E (Fig. 1a, b, respectively) . The amount of PAHs removed by HPBCD extraction (Fig. 1b) was much higher than by aqueous extraction in its absence (Fig. 1a) , although the percentages of PAHs removed varied depending on the individual PAH. When the aqueous solution was used, only naphthalene and phenanthrene were removed, their total extraction percentages were in general low (13 and 1.3 %, respectively), with little differences within the three extractions. Four-and five-ring PAHs were not extracted. HPBCD was more efficient as an extraction technique for PAHs (Fig. 1b) . Not only were naphthalene and phenanthrene extracted in much higher percentages (33 and 15 %, respectively) but also anthracene (8 %) and some four-ring PAHs as well, such as fluoranthene and pyrene (although with extraction percentages lower than 2 %).
PAHs
In order to confirm if only the type of PAH, and not their amounts present, or the aging process influences on their individual availability, the sludge E was spiked with 16 EPAPAHs and the extraction with the aqueous and HPBCD solutions were also carried out on spiked E (Fig. 1c, d ). When the aqueous solution was used (Fig. 1c) , two-and three-ring PAHs (naphtalene, acenaphtylene, acenaphtene, fluorene, phenanthrene and anthracene) were removed after three sequential extractions but at different percentages, (57, 10, 11, 5, 2 and 0.6 %, respectively). The results achieved were very different when HPBCD solution was applied (Fig. 1d) . Naphthalene, acenaphtene and fluorene reached the highest extraction percentages (89, 39 and 48 %, respectively), but fluorene, phenanthrene and anthracene were the PAHs with the highest increase in extraction percentages in comparison to the aqueous solution: from 5, 2 and 0.6 % to 48, 32 and 36 % (that is 10, 16 and 60 times higher, respectively). Four-ring PAHs, such as fluoranthene, pyrene, benzo [a] anthracene and chrysene, which were not removed by the aqueous solution, showed total extraction percentages about 1-3 % with HPBCD solution. Five-and six-ring PAHs were not removed at all.
It is worth to emphasise the importance of HPBCD first extraction. The extraction percentages obtained for naphthalene, acenaphtylene and acenaphtene (47, 12 and 13 %, respectively) were similar or slightly higher than those obtained after the three sequential extractions using the aqueous solution (57, 10 and 11 %, respectively). In the case of fluorene, phenanthrene and anthracene, these differences were still higher: the extraction percentages obtained after the first extraction by HPBCD solution (19, 12 and 13 %, respectively) were much higher than the total extraction percentages obtained after three extractions with the aqueous solution (5.30, 1.62 and 0.56 %, respectively). In the case of four-ring PAHs (fluoranthene, pyrene, benzo[a]anthracene and chrysene), which were not removed by the aqueous solution, only with the first HPBCD extraction was it possible to remove 50 % of the total amount extracted after the three sequential extractions. This behaviour was also observed in the extraction of sludge E without spiking, commented previously. The first HPBCD extraction step importance has been observed by other authors (Villaverde et al. 2005b) . It is well known that PAHs present a low aqueous solubility. The higher the number of benzene rings, the higher their hydrophobicity and the lower their water solubility. For this reason, the use of water as an extractant agent in PAHs removal from contaminated sludge is relatively ineffective. The increase observed in PAHs extraction percentages after HPBCD in spiked and non-spiked sludge E is related to the fact that HPBCD molecules are able to form inclusion complexes enhancing the water solubility of organic compounds, such as PAHs, and therefore their extraction from polluted soils or sludge (Villaverde et al. 2005b; Gómez et al. 2010) . The extraction percentages obtained were different for the PAHs studied depending on the appropriate size and shape of the PAH with respect to HPBCD hydrophobic cavity dimensions.
Although the extraction of naphthalene shows the highest percentage obtained (Fig. 1c, d ), the increase with HPBCD in relation to the aqueous solution was not very high (only 1.5 times higher). On the contrary, phenanthrene and anthracene were the PAHs which showed the highest increase in extraction percentages (from 2 to 33 % and from 0.6 to 36 %, respectively). This is related with the appropriate size and shape of the phenanthrene molecule (0.58 nm width and 0.78 nm length) with respect to HPBCD hydrophobic cavity dimensions (0.6 nm of diameter and 0.79 nm of depth). As a consequence, phenanthrene showed a best molecular accommodation in the hydrophobic cavity of HPBCD molecules than other PAHs. Anthracene also showed a high increase in extraction percentage with HPBCD solution. Its molecule presents a higher length and a lower width than phenanthrene (0.5 nm width and 0.92 nm length) that permits its inclusion in the cavity of HPBCD, but the distance between the molecule of anthracene and the active points of HPBCD is not so close as in the case of phenanthrene.
The extremely lower extraction efficiency observed in the case of 4-rings PAHs (fluoranthene, pyrene, benzo[a]anthracene and chrysene) may be attributable in part to a lower availability of the contaminants (which present a lower water solubility) for being transferred to the aqueous phase due to the high tendency to remain adsorbed on the hydrophobic surfaces of the sludge. Another influencing factor may be that they present a width higher than that of the HPBCD cavity; for this reason, only a small part of the molecules of these compounds are included into the HPBCD cavity when the inclusion complex is formed, and a great part remains in contact with water, reducing their extraction percentage due to stearic restraints (Semple et al. 2007) .
The sequence of the extraction percentages obtained for six of the PAHs extracted (acenaphtene, fluorene, phenanthrene, anthracene, fluoranthene and pyrene) is in agreement with the sequence of solubility efficiency (Se) and the apparent formation constants (Kc) obtained by Morillo et al. (2012) who evaluated the influence of three different CDs (including HPBCD) on the solubility of these PAHs selected among those 16 proposed by EPA as the most frequently occurring and/or dangerous in environmental samples. It was found that phenanthrene showed the highest Se and Kc values when they formed inclusion complexes with HPBCD, followed in decreasing order by anthracene, fluorene, fluoranthene, acenaphthene and pyrene. They concluded that these results were related with the molecular volume of the PAH and the dimensions of CD cavity, and as consequence, the points of interaction between the PAHs and the CDs.
In spite of the different individual PAHs content of sludge E in comparison with spiked sludge E, the tendency in the extraction by HPBCD is the same: the two-and three-ring PAHs are much favoured than those of the four-ring compounds. Taking into account that sludge from WWTPs contain also fluoranthene and pyrene (four-ring PAHs), it would be necessary to use a mix of HPBCD with another cyclodextrin with a high cavity dimensions, such as γ-CD or their derivates, in order to extract effectively such compounds. On the other hand, the ageing of sludge E in comparison with spiked sludge E is another important factor. The PAHs present in the aged sludge have become sequestered within the structure of the sludge, in particular in the organic matter fraction, and therefore, their extractability is expected to be lower. Many research studies have shown that when the soilpollutant contact time increases the biological and chemical availability of contaminants decrease (Villaverde 2007; McAllister and Semple 2010) . That is probably the reason of the lower percentages extracted by HPBCD from sludge E in comparison to spiked sludge E: 33, 15 and 8 % instead of 89, 32 and 36 %, for naphthalene, phenanthrene and anthracene, respectively. However, in the case of 4-rings PAHs the percentages obtained were very similar and very low (< 3 %), indicating that HPBCD has a lower tendency to extract such PAHs.
The bioavailable fraction of contaminants in soils sediments and sludge (and not their total content) is the main factor determining their fate in the environment and their influence on living organisms. For this reason, several chemical techniques capable of reliably predicting the bioavailability of organic contaminants to biota have been studied. Oleszczuk (2008 Oleszczuk ( , 2009 ) used three different extractants, Tenax-TA, n-butanol or HPBCD, to determine the content of the bioavailable fraction of PAHs in sewage sludge, observing a significant positive relationship between Tenax-TA-extracted fraction and growth inhibition of Heterocypris incongruens, whereas when using n-butanol or HPBCD, the content of the extracted fraction was usually twice higher. That is, higher amounts of PAHs were extracted with HPBCD than those actually bioavailable. Then the extraction of PAHs reached in this paper using HPBCD was more than enough to obtain a decontaminated sludge since the rest of PAHs not extracted are not bioavailable and, therefore, not potentially toxic to the environment.
Nonylphenol
The total content of NP in sludge E was 72 mg kg −1 (Table 1) , higher than the limit value proposed for the sum of all the NP ethoxylates compounds by the Draft Document of the European Union which was 50 mg kg −1 . This means that before this sewage sludge can be used as fertiliser for agricultural land, NP content has to be reduced. The extraction percentage of NP from sludge E by the aqueous solution after the three sequential extractions was lower than 1 % (Fig. 2a) , with no differences between the amount of NP extracted after each of the three sequential extractions. However, when HPBCD solution was used as extraction technique, 105±14 % of the NP was extracted. It is important to emphasise that with only the first extraction, 89 % of NP was removed and the other two extractions increased until 100 %. Hence, only one extraction, using HPBCD solution, would be sufficient to reduce NP content in a highly contaminated sludge under the limit value proposed by UE. The results obtained in the present study are in agreement with the research studies by Kawasaki et al. (2001) since they showed that NP solubility (aqueous solubility 5.43 mg L −1 ) increased more than 6,000 times when HPBCD was used in a particular range of concentrations (0-60 mM). This increase is due to the fact that NP molecules, which have a smaller size than HPBCD cavity, can be included within such hydrophobic cavity and form inclusion complexes. As result, NP hydrophilicity and water solubility increase, and therefore its removal from contaminated sites occurs. This is the reason why the extraction of the sludge using HPBCD gives as such extremely high recovery result of NP in the leachates, and, therefore, a low final content of NP is reached in the treated sludge.
Toxicity of leachates
The removal of PAHs and NP from sludge by HPBCD could be a good alternative to existing sludge treatment methods which are basically aimed to reduce the water content. The decontamination method we proposed in this study removes the contamination load, especially for NP, and sludge may easily obey with the limit values proposed by the European Union. In this sense, the procedure could be of great importance for improving the sludge disposal alternatives in terms of environmental safety and economic costs. It is also important to determine whether the leachates containing the contaminants possess environmental hazard. Therefore, to further test the potential environmental hazards of CDs leachates to aquatic organisms, the toxicity of sludge HPBCD and water leachates were assessed using D. magna feeding responses (Fig. 3) , a model organism to test aquatic toxicity (Barata et al. 2008) . In all tests, Daphnia mortality was absent. HPBCD diluted 1 and 10 % in ASTM water did not affect significantly (P<0.05) proportional feeding rates relative to controls (Fig. 3) . This result confirms that HPBCD does not impair any effect on Daphnia. Sludge HPBCD and water leachates diluted 1 and 10 % in ASTM hard water inhibited significantly (P<0.05) Daphnia feeding rates relative to their respective controls (Fig. 3) . It is important to emphasise that both, water and HPBCD sludge leachates had similar toxicity, despite the different amount of contaminants present in each of them. Water leachates diluted at 10 % had higher toxicity than at 1 %, as expected.
According to Figs. 1 and 2 and (Comber et al. 1993) . Accordingly, NP residues present in HPBCD sludge leachates should impair Daphnia feeding rates, whereas those measured in water sludge leachates did not. The fact that we found similar toxic effects for both water and HPBCD leachates means that NP residues present in HPBCD leachates were not bioavailable to Daphnia. Indeed, it is likely that HPBCD encapsulated NP making it less bio-available to Daphnia. Such ameliorated toxic effects of NP have been described for humic substances (Sun and Gu 2005; Burgess et al. 2005 or PAHs could be treated with HPBCD generating a contaminant-free sludge with added value, which may amplify its use in agronomical practices.
Conclusions
Given the more restricted concentration limit values for some organic compounds in sewage sludge included in the draft of the European Union regulations, a preliminary study using HPBCD extractions has been proposed as a method for the decontamination of sludge. Among other contaminants, PAHs and NP are toxic compounds that are present in high concentrations in sludge and are prioritised by the European Union since their presence can have serious environmental implications because of their application to agricultural soils at doses that may produce long-term contamination of soil and groundwater. In this study, it has been demonstrated that these compounds are able to form inclusion complexes with HPBCD and increase their solubility. It has been shown that the application of HPBCD solutions to sludge can enhance the contaminants desorption and decontamination, at expenses of generating a leachate containing the contaminants released. We propose the use of HPBCD as a very effective tool for the remediation of contaminated sewage sludge, increasing its safe usage for agricultural practices without posing environmental or health risks. We also suggest that the leachate, although demonstrated not toxic because of those contaminants extracted by HPBCD, such as NP or PAHs, should not be released to receiving waters but rather be treated in the WWTP to avoid their dispersion in the environment. Aspects related to the optimisation of HPBCD extractions for the sludge decontamination of multiclass contaminants present in the WWTPs and evaluation of leachates in terms of contamination loads, toxicity and possible decontamination treatments will be deeply investigated in further research.
